Sodium, which has long been regarded as one of the simplest metals, displays a great deal of structural, optical, and electronic complexities under compression. We compressed pure Na in the body-centered cubic structure to 52 GPa and in the face-centered cubic structure from 64 to 97 GPa, and studied the plasmon excitations of both structures using the momentum-dependent inelastic X-ray scattering technique. The plasmon dispersion curves as a function of pressure were extrapolated to zero momentum with a quadratic approximation. As predicted by the simple free-electron model, the square of the zero-momentum plasmon energy increases linearly with densification of the body-centered cubic Na up to 1.5-fold. At further compressions and in face-centered cubic Na above 64 GPa, the linear relation curves progressively toward the density axis up to 3.7-fold densification at 97 GPa. Ab initio calculations indicate that the deviation is an expected behavior of Na remaining a simple metal.
W ith a single conduction s electron per atom, solid sodium exemplifies the free-electron (FE) gas as the oldest and most studied model for describing metals (1) . Under compression, Na continues to manifest how the FE metal evolves under extreme densification of the conduction electrons (2) (3) (4) (5) . Na is one of the most compressible materials. From 1 bar to 200 GPa, its volume reduces by fivefold, and its Wigner-Seitz radii, r s ¼ ½3∕ð4πn e Þ 1∕3 , reduces from 3.93 to 2.33, where n e is the conduction electron density (6, 7) . During such a large range of electronic densification, Na exhibits numerous surprising behaviors, including melting at 118 GPa and 300 K (3), transitions to nine high-pressure phases including some truly exotic, complex crystal structures with as many as 512 atoms per unit cell (4, 8, 9) , and eventually to an optically transparent, insulating solid (6, 10) . These structural and optical studies indirectly revealed the unique physics of FE under compression (2) . An interesting question is how and at what point Na loses its simple metallic behavior through this long journey.
Scattering experiments measure the dynamic structure factor, Sðq;ωÞ, of electrons as a function of the momentum, q, and frequency, ω (or energy E ¼ ℏω). The theoretical solution of Sðq;ωÞ is one of the most studied many-body problems in condensedmatter physics, and has been approached by the random phase approximation (RPA) with various modifications (11, 12) . However, RPA is a good approximation only for hypothetical, denseelectron metals with r s < 1. For real metals with r s ¼ 2-6, the exact theoretical solution of Sðq;ωÞ, except for possibly near q ¼ 0, remains uncertain; direct experimental constraints are essential. High pressure covers a very large tuning range for the r s of Na, providing an ideal testing ground for the basic physics of electronic dynamics and RPA theories.
At low pressures, Sðq;ωÞ for most metals has been determined by electron energy-loss spectroscopy (EELS). The electron beam, however, requires a vacuum path and is thus incompatible with a high-pressure environment. Inelastic X-ray scattering (IXS) technique offers a unique probe (11, 13) that can penetrate the diamond anvils and gasket to reach the bulk sample. The inelastic energy loss is measured by the difference between the incident (E i ) and scattered X-ray energy (E f ), and the momentum transfer is calculated from the wavelength λ and scattering angle 2θ, by q ¼ 4π sin θ∕λ.
The plasmon peak that appears at energy, EðqÞ, in q-dependent, energy-loss IXS spectra is the collective excitation of FE gas in a metal (14) . At the infinite-wavelength limit, the plasmon frequency, ω p ¼ E∕ℏ where E denotes the plasmon energy at q ¼ 0, is a key parameter that dictates the dielectric and optical responses of the electron according to the dielectric function,
For photon frequency ω < ω p , the εðωÞ is negative, and the photons are totally screened and reflected by the electrons. For ω > ω p , the photons are transmitted through the bulk sample.
The q ¼ 0 plasmon energy, E, is related to the FE density, n e , by E 2 ¼ 4πn e ℏ 2 e 2 ∕m Ã , where e is the unit charge and m Ã is the effective mass of the electron (15) , and can be tuned continuously by compressing n e under pressure. As a first-order approximation, n e increases proportionally to the bulk Na density, or inversely proportionally to the volume-i.e., E P 2 ∕E 0 2 ¼ n eP ∕n e0 ¼ V 0 ∕V P , where the subscripts P and 0 denote the high-and zero-pressure conditions, respectively. IXS measurements at high pressures provide valuable insight into the change of metallic behaviors, but are very challenging because the double-differential scattering cross-section (16) is very small and the background signals from the anvils and gasket can be overwhelming. Nevertheless, high-pressure IXS of body-centered cubic (bcc) Na has progressed steadily since a single q measurement at 1.3-fold densification (corresponding to 2.7 GPa) a decade ago (17) . Very recently, Loa et al. (18) reported multiple q measurements of bcc Na up to 2.6-fold densification (43 GPa), showed deviations from an FE metal, and conducted ab initio calculations to explain the deviation. None of the previous measurements have reached the face-centered cubic (fcc) phase above 64 GPa. Here we have doubled the IXS pressure range to 97 GPa, measured electronic dynamics and plasmons of both bcc and fcc Na, performed calculations for comparison, and commented on Loa et al.'s pioneering results and conclusions (18) . 
Results and Discussion
We have measured high-pressure, q-dependent IXS energy-loss spectra of bcc Na from 1.6 to 52 GPa, and fcc Na from 64 to 97 GPa in a diamond-anvil cell (DAC). We also obtained X-ray diffraction (XRD) information from the same sample to determine its crystal structure and atomic volume at high pressures (V P ). Fig. 1 shows the representative, high-pressure, IXS spectra at 2θ ¼ 4°and 5°(q ¼ 3.50 and 4.28 nm −1 , respectively). The plasmon peak position, EðqÞ, is determined by subtracting the background signal, which was measured by moving the Na sample 100-μm away so that the X-ray beam passed through only the Be gasket.
Hong and Lee (19) showed that Sðq;ωÞ of an FE metal had an exact solution at a singular point of r s ¼ 3.5, which can be reached by compressing bcc Na to V 0 ∕V P ¼ 1.415 at 4.3 GPa. Fig. 2 shows the IXS spectra of bcc Na at 4.3 GPa. EðqÞ are determined for dispersion in the range of q ¼ 1.75 to 13.9 nm −1 , corresponding to scattering angles 2θ ¼ 2°-16°at increments of 2°. The plasmon peaks are best resolved at 2θ ¼ 4°-8°(q ¼ 3.50-6.99 nm −1 , respectively). The peak width increases gradually with increasing q for q < q c , where q c ∼ 7.5 nm −1 is the plasmon cutoff momentum of Na, and broadens rapidly for q > q c where the plasmon decays into particle-hole excitations. The EðqÞ data with q < 7 nm −1 are extrapolated to q ¼ 0 to deduce E. To minimize extrapolation error, we would like to measure EðqÞ at the lowest possible q. Our measurement limit is 2°(q ¼ 1.75 nm −1 ); below 2°it is difficult to block out the direct X-ray beam that produces a very high background and overwhelms the plasmon peak.
Within the RPA, the plasmon peak energy is expected to follow the quadratic dispersion function of q; i.e., EðqÞ ¼ Eþ αðℏ 2 ∕mÞq 2 þ Oq 4 , where α is the dispersion coefficient needed for the extrapolation (20) , and the high-order term Oq 4 can often be neglected for small q. The RPA estimation of α ¼ 0.6E F ∕E where E F is the Fermi energy is often too high because of the influence of interband transitions (11, 21, 22) ; experimental constraints are essential. Our EðqÞ measurements for q < 7 nm −1 at various pressures are plotted in Fig. 3 . Although the general linear trend of EðqÞ as a function of q 2 is observed at all pressures, the statistics are insufficient to constrain α for each individual pressure. The best determination of α ¼ 0.26 (3) was obtained at 1.6 and 4.4 GPa, where we had the largest Na sample and the best statistics. The value is in agreement with the zero-pressure EELS data of α ¼ 0.24 (3, 20) and with the IXS measurements of Loa et al. (18) , which show a constant α of 0.26 (2) for 1, 8, and 43 GPa. As a first approximation, we used a constant α ¼ 0.25 to extrapolate our datasets to obtain the q ¼ 0 values of E P at various pressures. The estimated uncertainty due to the assumption of a constant α is approximately AE0.2 eV.
Our experimental data of E P 2 ∕E 0 2 as a function of V 0 ∕V P are plotted in Fig. 4 , where the FE assumption of E P 2 ∕E 0 2 ¼ V 0 ∕V P Fig. 1 . IXS spectra of the bcc Na at 1.6, 32, and 52 GPa taken at scattering angle of 2θ ¼ 4°(q ¼ 3.5 nm −1 ) and fcc Na at 87 GPa and 5°(q ¼ 4.28 nm −1 ). The background signals caused by the IXS of the beryllium gasket and diamond anvils were measured by shifting the DAC 100 μm horizontally and were subtracted from the raw spectra to yield the net spectra and plasmon peak positions as marked. is shown as the 1∶1 diagonal line. In our high-pressure experiments, V 0 ∕V P was determined by XRD or calculated from P-V equation of state of Na (23) . For the zero-pressure value, we adopted E 0 ¼ 5.76 eV determined by the EELS technique (24) , because the vacuum EELS technique can approach q ¼ 0 very closely, providing a reliable anchor point. Below 5 GPa, our measured E P 2 ∕E 0 2 follows the 1∶1 straight line within the experimental uncertainty of AE0.2 eV, indicating that, albeit the simplicity, FE remains an accurate model for predicting plasmon energy of Na up to 1.5-fold densification.
The linear approximation cannot be expected to hold indefinitely. Deviation by curving toward the volume axis has been previously calculated for a simple, denser metallic Na (10) and observed by Loa et al. (18) to 43 GPa. Indeed, our experiments show such deviation throughout the bcc Na region and continuing in the high-pressure fcc Na above 64 GPa. Without data between 52 and 64 GPa, we cannot preclude a possible break of the curve at the bcc-fcc transition point. At the maximum pressure of 97 GPa, the measured E P 2 ∕E 0 2 for the high-pressure fcc phase is as much as 25% below the straight-line relation.
We further performed ab initio calculations of the plasma frequencies using the Elk code, implementing the full-potential linearized augmented-plane wave method (25) . The generalized gradient approximation exchange-correlation of Perdew et a. (26) was used, and the crystal structures under pressure were obtained from the experimental data of Hanfland et al. (23) . A k-point grid of 60 × 60 × 60 and an R × k max (the muffin-tin radius times the maximum jG þ kj) of 9 were found sufficient to converge our calculations. As shown in Fig. 4 , the previous calculated (dashed) curve, where the effective screening of the core electron was taken into account, and the newly calculated (dotted) curve, where the core screening was not included, closely bracket our experimental data, indicating that Na remains a simple metal in the bcc and fcc phases up to 97 GPa. The core screening only becomes important beyond twofold compression of Na. Future advances to the cI16 phase above 105 GPa (9) is necessary for direct investigation and quantification of the change from FE to a poor metal and eventually to an insulator where the E P 2 ∕E 0 2 is expected to drop drastically.
In the lower-pressure bcc phase region, our results agree in general with the recent report of Loa et al. (18) , in which the measured plasmon energy deviates from the simple FE prediction, but some differences are noticeable in our data and conclusions. At q ¼ 5 nm −1 , Loa et al. (in their figure 4 ) showed significant deviations of experiments from FE/RPA over the entire pressure range, whereas the present q ¼ 0 results showed little deviation from FE in the low-pressure region. This deviation is because FE/RPA has been known to overestimate the dispersion coefficient α due to the influence of interband transitions (11, 21, 22) , and the large α artificially generates higher EðqÞ at a finite q. Therefore Loa et al. (18) showed low-pressure deviations as much as 0.6 eV at 1.0 and 7.7 GPa at q ¼ 5 nm −1 . When their q ¼ 0 data are plotted in the present Fig. 4 , the deviations are reduced, and the initial slope between 1.0 and 7.7 GPa is consistent with a 1∶1 slope predicted by the FE model.
Loa et al.'s E P 2 ∕E 0 2 data show a similar trend as the present results, but are uniformly offset by 5-10% to lower values (Fig. 4) . Their dataset does not pass through the origin of E P 2 ∕E 0 2 ¼ 1.0 at zero compression, even though the same EELS reference point (24) as ours is used for their zero-pressure anchorage, indicating a possible systematic error in their measurements or calibration. Finally, aside from the offset, Loa et al.'s results are fully consistent with our earlier theoretical calculations of the bcc Na (10). The deviation of Loa et al.'s data of the bcc Na to 43 GPa from the simple FE linear relation (18) is thus a normal behavior expected for a simple metal under extreme densification and should not be interpreted as a precursor for the dramatic electronic transitions that will occur eventually (6, 10) . In fact, the normal simple metallic behavior persists in fcc Na to 97 GPa.
Conclusions
We present extensive IXS measurements of plasmon dispersion of elemental Na under extreme compressions. The measurements doubled the previously attainable pressures and covered both bcc and fcc phases. We observed FE behavior up to 1.5-fold densification (5 GPa) and plasmon softening at high pressures. Up to the maximum compression of 3.8-fold densification (97 GPa), our experimental data of the bcc and fcc Na are closely bracketed by two ab initio calculation curves-i.e., with and without the consideration of core electron screening. The results indicate that, although the plasmon deviated from the simplest form of FE, both bcc and fcc Na can be regarded as simple metals over the huge range of densification and phase transition. Future advances to the cI16 phase above 105 GPa (9) are necessary for quantitative investigation of expected drastic deviations from metallic behaviors, namely, greatly reduced plasmon energy and broadened peak width.
Materials and Methods
We used a panoramic DAC (27) with a high-strength beryllium gasket (Grade I-250) to maximize the X-ray access geometry. Similar to the three-web DAC used for the high-pressure nuclear resonant IXS technique, which packs three side detectors close to the sample (27) , the present high-pressure IXS DAC optimizes side X-ray entrance and exit, has two 40°symmetrical side webs, and allows 140°equatorial and 70°azimuthal access (28) . We used three sets of anvils to optimize the trade-off of sample size and pressure range: A pair of diamond anvils with 500-μm culet diameter was used for experiments up to 32 GPa; 400-μm culet, up to 52 GPa; and 200-μm culet with 10°bevel to an outer diameter of 400 μm, to 97 GPa.
The Be gasket was a 5-mm diameter disc with 1-mm thickness. Opposing dimples were machined at the central portion of the disc to a shape matching the opposing diamond-anvil tips. The remaining gasket thickness at the center of the dimples was 120 μm, which was further preindented to 60-μm thickness for experiments above 10 GPa. For the lower-pressure experiments with 500-μm diamond culets, gasket thicknesses of 100 and 80 μm were maintained for 1.6 and 4.4 GPa, respectively. A hole drilled at the center of the gasket dimple formed the sample chamber, with the diameter of 170, 130, and 100 μm for the culet size of 500, 400, and 200 μm (beveled), respectively. The Na sample (99.8% purity from Alfa Aesar) was loaded and sealed in the DAC in a glove box filled with argon mixed with 6% hydrogen gas to avoid oxidation of Na. Ruby grains were placed on top of the sample as the pressure calibrant (29) .
The IXS experiments were conducted at the High Pressure Collaborative Access Team (HPCAT) beamline 16ID-D (30, 31) of the Advanced Photon Source, Argonne National Laboratory. The monochromatic incident X-ray beam was focused to a 15-μm vertical, 60-μm horizontal spot that passed through the Be gasket in the gap between the diamond anvils in the radial orientation. The scattered IXS signals were collected with dispersions in the horizontal plane (30) . Measurements were made by scanning the diamond (111) incident X-ray monochromator and collecting the scattering X-ray signal with an array of five spherical Si (555) analyzers (50-mm diameter) on a Rowland circle of 1-m diameter focusing to a single point detector in a back-scattering geometry (Bragg angle of 89°) at a fixed energy of 9.886 keV. Sides of the circular analyzers were taped to leave a 1-cm width to narrow down the q resolution to 0.1 nm −1 . The IXS spectrometer has 1 eV (FWHM) peak width and energy resolution of 0.1 eV with sufficient statistics (31) . XRD were carried out at the HPCAT beamline 16ID-B to verify the phases and volumes of Na. The Na sample is very soft and provides a near hydrostatic pressure environment as shown by the resolution of the ruby R 1 and R 2 peaks. The pressures determined from ruby scale are in excellent agreement with the Na equation of state (23) within a gigapascal.
